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We have investigated the atomic and molecular oxygen adsorptions on the various sites of the BaO
100 surface with both cluster models and the periodic slab models. We found that the atomic
oxygen prefers to adsorb on the surface O2− to form the closed-shell peroxides with the binding
energies of 83–88 kcal /mol. Such a high exothermicity provides a large driving force for the
dissociation of molecular O2 on the BaO surfaces. As molecular oxygen approaches the BaO
surfaces, the triplet ground state O2 molecule first binds electrostatically on top of the surface Ba
2+
site. It further quenches to the singlet potential energy surface to form a covalently bonded O3
2−
species. We proposed a plausible pathway in which the O3
2− species acts as the key precursor for
further dissociation, leading eventually to the formation of surface peroxides O2
2−. This mechanism
is helpful for the understanding of a series of related catalytic processes such as the oxidative
coupling of methane, the NOx storage reduction, etc. © 2008 American Institute of Physics.
DOI: 10.1063/1.2822178
I. INTRODUCTION
The adsorption and dissociation of the molecular oxygen
on the BaO surfaces play an important role in many types of
heterogeneous catalysis. In the case of the oxidative coupling
of methane OCM, it was observed that the addition of
barium to the rare-earth oxides or MgO catalysts could sig-
nificantly enhance their catalytic performance.1,2 Based on
the results of the x-ray photoelectron spectroscopy and the in
situ Raman spectroscopy, this enhancement was attributed to
the increased amount of active oxygen species, O2
2−, which
came from the dissociative adsorption of O2 on BaO, as a
result of doping Ba to the OCM catalysts.1,2
Recently, with the introduction of the “lean-burn” engine
technology, the effectiveness of the traditional three-way car
emission catalysts is greatly degraded. The removal of harm-
ful exhaust gases, in particular, the reduction of NOx under
such an oxygen rich condition, poses a great challenge to the
development of novel catalysts. Among several catalysts de-
veloped so far, the NOx storage-reduction NSR catalyst
is particularly promising.3 An important feature of the NSR
catalyst is the presence of a highly efficient storage compo-
nent, which can adsorb NOx under the oxidizing condition
and release NOx under the reducing condition. The strongly
basic metal-oxide BaO lends itself as an excellent candidate
for such purpose. In the past several years, the storage of
NOx on BaO has been extensively studied.
4–12 With the in
situ Raman spectroscopy, Hess and Lunsford found that the
inclusion of 20% O2 in the gas flow of NOx at 400 °C led to
an enhanced and direct nitrate formation without going
through the nitrite formation step.6 This was assumed to in-
volve a direct NOx reaction with the surface peroxides,
whose formation was observed in the initial phase of the
reaction.6 On the other hand, the in situ Raman spectroscopy
study of the decomposition of N2O on the BaO surfaces
showed that the addition of O2 significantly inhibited the
decomposition of N2O.
13 The phenomena described above
demonstrated the role that O2 dissociation on the BaO sur-
faces played in the related heterogeneous catalytic processes.
As for the atomic oxygen adsorption on the alkaline-
earth metal oxides, substantial amount of theoretical work
has been reported.14–18 These calculations revealed that
atomic oxygen prefers to adsorb on the surface anion site
rather than the surface cation site, forming a surface peroxide
species, O2
2−. The adsorption energies were found to in-
crease down the group from MgO to BaO. This observation
was related to the increased surface basicity going down
from MgO to BaO due to the reduction of the Madelung
potential along the expansion of the cation size.19 As for the
molecular adsorption of O2 on the alkaline-earth metal-oxide
surfaces, MgO is the most investigated system both
experimentally20–22 and theoretically.23,24 These studies
showed that O2 was unbound or weakly bound on the non-
defective surfaces. For the CaO surfaces, the desorption of
singlet O2 has been calculated and the results showed that the
reoxidation of the surfaces by the desorbed O2 could not
occur.25 The increased activity of the BaO surfaces infers
that the molecular O2 could adsorb and even dissociate on
the surfaces, resulting in stable surface peroxides, which, in
turn, serve as active oxygen species in several catalytic
processes.1,2,6
Herein, we carried out a density functional theory study
of molecular and atomic oxygen adsorptions on the BaO
100 surface, aiming to systematically address the possible
dissociation mechanisms of O2 on the BaO surfaces. To the
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best of our knowledge, such work has not been reported
before.
II. COMPUTATIONAL DETAILS
Two strategies for describing the metal-oxide surfaces
have been explored: the finite cluster model and the periodic
slab method. Both methods have been widely used in the
literature for the description of the adsorbate-metal-oxide
interactions.26–28 Here, we used cluster models to mimic the
atomic and molecular oxygen adsorptions on the regular and
various low-coordinated sites of the BaO 100 surface see
Fig. 1. These cluster models were constructed in fulfillment
of some general requirements, namely, the neutrality prin-
ciple, the stoichiometry principle, and the coordination
principle.29 The clusters used were BaO12 for terrace O5c
and Ba5c, BaO10 for edge O4c and Ba4c, BaO9 for cor-
ner O3c or Ba3c, and BaO4 for the island corner sites see
Fig. 1. All the selected model clusters were embedded in a
large array of point charges PCs. The charge magnitudes
±1.73 of the PC array were determined self-consistently
such that they are close to the averaged Mulliken charges of
ions in the clusters.18,29–31 As the clusters and the PC envi-
ronment are both neutral the neutrality principle and the
active sites for adsorption are all surrounded by real ions
rather than PCs the coordination principle, the effect of
choosing the charges of the PC array on the active sites is
significantly reduced. To circumvent the artificial polariza-
tion on the anion sites induced by the bordering positive PCs,
total ion effective core potentials ECPs, instead of positive
PCs, were used at the cluster borders to represent the Ba
cations.32 The ions of the cluster which were not in direct
contact with the PCs were all let free to relax in the geometry
optimization, while the others in cluster were fixed to their
bulk positions. The optimized structures of the clusters are
displayed in Fig. 1, which show a negative rumpling of about
0.1–0.2 Å of the oxygen anions relative to the barium cat-
ions. This result is qualitatively in line with our findings
from the periodic slab model calculations as discussed later.
The gradient-corrected Becke’s three parameter hybrid
exchange functional33 in combination with the
Lee-Yang-Parr34 correlation functional B3LYP was used in
all our cluster model calculations. The Ba atoms were treated
with the relativistic ECPs and the corresponding valence ba-
FIG. 1. Cluster models used in the
present calculations. BaO12,
BaO10, BaO9, and BaO4 are
adopted to model the terrace, edge,
corner, and island corner sites, respec-
tively. Black balls stand for O and
white balls for Ba. The gray spheres
stand for the effective core potentials
to represent Ba in close contact with
the point charges PCs. The PC array
is depicted schematically. It is impor-
tant to maintain the PC array symmet-
ric so that there is no artificial dipole
moment, created by the PC array,
across the cluster. The island corner
BaO4 cluster should occupy the po-
sition similar to that of BaO12. How-
ever, to aid our eyes, we have moved it
aside.
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sis sets were taken from the work of Hay and Wadt
LanL2dz.35 The O atoms were described by using the 6
−31+G* basis set.36 All density functional theory DFT cal-
culations were performed by using the GAUSSIAN 03 suite of
program.36
The interactions of the molecular O2 with the BaO 100
surface were also calculated with the periodic slab model by
using the commercial version of CASTEP.37 The electronic
energies and forces were calculated within the generalized
gradient approximation GGA by using the Perdew-Burke-
Ernzerhof PBE exchange-correlation functional.38,39 Ultra-
soft pseudopotentials40 were adopted and the kinetic energy
cutoff for the expansion of valence electronic wave function
was set to be 300 eV. Within these approximations, bulk
BaO has a lattice constant of 5.598 Å, 1.36% larger than the
experimental value of 5.52.41 The BaO 100 surface was
represented with a 22 supercell containing three
atomic layers, and a 9 Å vacuum width was added in the
surface normal to ensure no interactions between them. In
the slab calculations, the bottom layer ions were kept frozen
at the optimized bulk locations and the remaining ions were
relaxed until the residual forces were smaller than
0.05 eV /Å. Surface distortions were divided into relaxation
and rumpling. Relaxation refers to the interplane atomic
movement, whereas rumpling measures the difference in an-
ion and cation displacements. Here, the relaxation and rum-
pling were calculated to be −3.49% and −2.82%, respec-
tively. These results are in good agreement with the previous
findings −3.6% and −3.0% in the literature.42 To make a
direct comparison between the results from the slab model
and the cluster model, some cluster model calculations on
the terrace sites were carried out with the PBE functional.
III. RESULTS AND DISCUSSION
A. Atomic oxygen adsorption
We have examined the adsorption of atomic O on vari-
ous sites of surface Ba2+ or O2− in both singlet and triplet
states. In agreement with the results from the previous study
on the MgO surfaces by using the periodic slab methods,23
we found that the atomic O is preferred to adsorb on the
surface Ba2+ site in the triplet state and on the surface O2− in
the singlet state. As the global minima occur on the singlet
potential energy surface and the triplets are metastable, we
will only focus on the closed-shell singlet states, whose geo-
metric configurations are presented in Fig. 2, and the corre-
sponding adsorption energies Ead are summarized in Table I.
The Ead were calculated by subtracting the sum of the ener-
gies of the isolated triplet ground state O atom and the cor-
responding cluster models from the energies of the optimized
adsorbate-surface complexes. Such definition leads to a
negative adsorption energy or a positive binding energy for
an exothermic adsorption process.
As shown in Table I, charges on the active anion sites
Os as labeled in Fig. 2 are −1.82 for O5c, −1.72 for O4c,
−1.65 for O3c, and −1.62 for island O3c. These are in har-
mony with the embedding charges of ±1.73 of the PC array.
Increasing the magnitudes of PCs to 2.0 will not change the
charges on Os strongly 0.03 a.u., as Os in each model are
surrounded by real ions, rather than PCs. Charges of ions on
the cluster border are increased, leading to a larger difference
in sites which should carry the same magnitude of charges.
The calculated binding energies are in the range of
83–88 kcal /mol. Increasing the magnitude of the embedding
charges only influences the calculated binding energies
slightly 0.2 kcal /mol. The distance between the adsorbed
O and surface anion Os
2− is about 1.5 Å, typically being
within the bond length of the classical peroxide 1.49±0.02
Ref. 43, indicating the formation of peroxides on the sur-
faces. Significant charge transfer from the surface anion to
the adsorbed O occurs. After adsorption, the magnitudes of
negative charges on Os are reduced to around −0.9 a.u. see
Table I. There is a nearly equal sharing of charges between
Os and Oad, which also suggests the generation of the perox-
ide species. There is no net spin density, when the closed-
shell peroxide species, O2
2−, is formed.
We calculate the adsorption energy for the singlet Oad on
the terrace Os
2− site as −82.8 kcal /mol. This number com-
pares well to the previous calculation, where Karlsen et al.
obtained −81.4 kcal /mol in their study of N2O dissociation
over a fully relaxed BaO5 embedded cluster.
14 Very re-
cently, Valentin et al. reported an embedded cluster model
study on the formation of an oxygen vacancy and the simul-
taneous readsorption of an oxygen atom on the regular and
the low-coordinated sites of the alkaline-earth oxide
FIG. 2. The optimized geometries for singlet atomic O adsorption on the
various sites of the BaO 100 surface. Selected distances and angles are in
Å and degrees, respectively. Black balls stand for O and white balls for Ba.
Point charges are not shown. The positive point charges at the borders,
shown in gray balls, are represented by total ion effective core potentials.
TABLE I. Adsorption energies Ead in kcal/mol and Mulliken charges Q for





Terrace O5c −82.8 −0.69 −0.90−1.82
Edge O4c −82.6 −0.88 −0.95−1.72
Corner O3c −84.3 −0.85 −0.94−1.65
Island Corner O3c −88.4 −0.89 −0.90−1.62
aAdsorption energies are referred to the ground state oxygen atom and the
corresponding free surface models.
bMulliken charges for the adsorbed oxygen atoms.
cMulliken charges for the surface oxygen ions Os as marked in Fig. 2 after
adsorptions. The corresponding data before adsorption are listed in paren-
theses.
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surfaces.15 A similar adsorption energy −82.1 kcal /mol
was reported on the terrace site. Valentin et al.15 found that,
on MgO100, the peroxo complex was tilted by about 30°
with respect to the surface normal. This was attributed to the
electrostatic effects. On the 100 surfaces of CaO, SrO, and
BaO, however, they found that the peroxo complex was ori-
ented normal to the surface because the lattices were ex-
panded and the electrostatic effects were reduced.15 It is very
plausible that this tilted angle decreases gradually along this
series from MgO to BaO. Indeed, we find that the electro-
static effect can still play a role even for the terrace site of
BaO 100, leading to a tilted geometry with a calculated
Oad–Os–Ba angle of 81.9°. While Valentin et al. found that
the upright geometries remained when going from the terrace
to the edge and corner site, we find a gradual bending toward
a surface O2−–Ba2+ bond, with Oad–Os–Ba angle being 74°
see Fig. 2. With respect to the surface normal, the tilted
angles are calculated to be 4.1°, 6.2°, and 11.3° for the ter-
race, edge, and corner sites, respectively. If we increase the
magnitude of embedding charges to ±2.0, the Oad–Os–Ba
angle on the terrace site is calculated to be 80.9°, bending
toward the surface Ba2+ by another 1°. In terms of O-atom
adsorption energy, however, the difference is only
0.2 kcal /mol, suggesting that the electrostatic effects in this
case may have a larger influence on the geometry than on the
adsorption energy.
It would be very interesting to examine how the lattice
relaxation will affect the adsorption energy. With the surface
lattice being fixed to the ideal position in the bulk, the ad-
sorption energy for the singlet Oad on the terrace Os
2− site is
calculated to be −68.8 kcal /mol. Allowing only the surface
anion site to relax in the optimization leads to an increased
adsorption energy to −80.1 kcal /mol. Further allowing all
the lattice ions of the cluster which are not in direct contact
with the PCs to relax increases the adsorption energy to
−82.8 kcal /mol. Hence, the relaxation of the lattice ion
which is directly under the Oad is the most significant. An-
other interesting finding is that surface relaxation affects
most the adsorption energy of the terrace site. Thus, relax-
ation of the terrace cluster gives an energy difference of
14.0 kcal /mol as compared to the fixed terrace model. Such
a difference is decreased to 9.1 for the edge models, 4.5 for
the corner model, and only 0.3 kcal /mol for the island corner
models. Hence, surface relaxation is seen to diminish the
difference between various sites for the atomic O adsorption.
The calculated stretching frequencies for the surface per-
oxide are between 822 and 907 cm−1 for various sites. Val-
entin et al. have computed the vibrational frequencies for the
peroxo groups and obtained values of 898–953 cm−1 at vari-
ous oxides.15 They suggested that peroxo groups formed at
various sites of the alkaline-earth oxides have very similar
vibrational signatures and concluded that this vibration is not
diagnostic of the oxide nor of the site where the complex is
formed.15 In general, peroxides are expected to exhibit vibra-
tional frequencies in the 800–900 cm−1 region. We noticed
that Hess and Lunsford suggested that a band at 930 cm−1
was due to peroxo groups formed on the surface of BaO,6
and Au et al. located a peroxide peak of 927 cm−1 on the
BaO /Gd2O3 catalysts.
2 Hence, our computed values are con-
sistent with some experimental values reported in the
literature.2,15
So far, we have displayed that the formation of peroxide
species via singlet oxygen attached to surface anion is fa-
vored thermodynamically. Although previous studies have
indicated that surface peroxide species could be generated
through molecular O2 adsorption on the F center of metal
oxides,44 the concentration of the F center is too low to play
an important role in a real catalytic process, normally carried
out at relatively high temperature.15,45 We are curious
whether the peroxide species could be generated by an O2
direct dissociation on the BaO surface without using an F
center. In the next content, we will report the details of such
process as O2+2 O
2−→2 O22−.
B. The molecular oxygen adsorption
It is well-known that the ground state for the molecular
oxygen is an open-shell triplet 3−g, and there are two low-
lying singlet states, 1g and
1+g, with the energy gaps of
22.6 and 37.7 kcal /mol, respectively, relative to the ground
state.46 If the triplet ground state O2 dissociates on the
closed-shell BaO surface, leading to the peroxide species in
the singlet state, there should exist a spin-state flipping from
the triplet potential energy surface to the singlet potential
energy surface. Recently, laser Raman spectroscopy study on
the La2O3 catalysts demonstrated that the laser not only
served as an excitation source for Raman scattering but also
induced the formation of peroxides on the surfaces.47 We
present here our calculation results on triplet and singlet O2
adsorptions on various sites of the BaO surfaces. Figure 3
depicts the predicted adsorption geometries and Table II
summarizes the corresponding adsorption energies with re-
spect to the ground state energy of 3O2.
Taking O2 adsorption on the terrace site as an instructive
example, it is clearly seen that the triplet O2 is brought to the
surface Ba ions with a bent configuration. Due to the charge
transfer from the surface to the antibonding * orbital of O2,
the O2 molecule is negatively charged by 0.40 and the bond
length of the adsorbed O2 is elongated to 1.29 Å, which can
be compared with the calculated bond length of free O2 of
1.21 Å. The distance of the Oad from the nearest surface Ba
2+
is 3.08–3.21 Å, being longer than the Ba–O distance in the
bulk lattice 2.76 Å Ref. 41. The adsorption energy on the
terrace Ba2+ site Ba5c is −10.8 kcal /mol. The binding en-
ergies increase slightly to 14.1 and 13.8 kcal /mol on the
edge and corner sites, respectively. It significantly increases
to 35.5 kcal /mol for the island corner site. We see that
charge transfers to the molecular O2 are slightly increased to
0.47 and 0.48 for the corner and edge sites, respectively. It is
more than doubled for the island corner site.
The situation of the singlet O2 adsorption on the same
surface is quite different. Instead of binding to the surface
Ba2+ sites, singlet O2 binds to the surface anion sites. The
local minimum for the terrace site is found where O2 is tilt-
edly adsorbed on the surface O5c site exothermically by
15.0 kcal /mol. Significant charge transfer from the surface
anion to the adsorbed 1O2 leads to a negatively charged O2
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by 0.88 and the bond length of O2 increased to 1.42 Å. Ad-
ditionally, the distance between the surface anion and ad-
sorbed O is only 1.53 Å, which indicates that the O2  bond
strength is reduced and, simultaneously, a new  bond is
created to form a new unit of O3
2−. This O3
2− species has
been proposed before on the Th–La–Ox /BaCO3-based
OCM catalysts,48 which we propose here may act as an pre-
cursor for its further dissociation. The binding energies in-
crease steadily from the terrace site to the edge, corner, and
island corner sites. For all sites, there exists a significant
amount of charge transfer 0.81–0.91 and the O3
2− unit can
be envisioned. The stretching frequencies calculated for O3
2−
on the terrace, edge, corner, and island corner sites are 924,
916, 913 and 889 cm−1, respectively. We recall that a previ-
ous Raman experiment has observed a peak at around
930–960 cm−1 on the Th–La–Ox /BaCO3-based OCM cata-
lysts, which has been tentatively ascribed to the O3
2−
species.48
We notice that the lattice relaxation increases the stabil-
ity of the 1O2 adsorption more significantly than that of the
3O2 adsorption. Hence, the
1O2 adsorptions on the terrace
and edge sites are stabilized by about 13.0 and 9 kcal /mol
on the corner site and 6 kcal /mol on the island corner site
upon relaxation, while the relaxation stabilization for the 3O2
adsorption is only around 3.0 kcal /mol on the terrace and
edge, making the singlet O3
2− species lower lying on the
potential energy surfaces than the corresponding adsorbed
state of triplet O2 see Table II.
Now, our calculations locate two adsorption configura-
tions when molecular O2 approaches the BaO surfaces: one
far away, 3.0 Å, from the surface is in the triplet state,
where 3O2 binds to the surface Ba
2+ mainly electrostatically,
and the other in close proximity, 1.5 Å, to the surface is
in the closed-shell singlet state, where 1O2 binds to the sur-
face O2− covalently. With the heavy-atom effect of barium, it
is conceivable that the adsorbed triplet O2 crosses over the
singlet state potential energy surface to form the more stable
O3
2− intermediate, such that the dissociation channel from
O2 to O2
2− is open.
Figure 4 displays the detailed dissociation energy curves
FIG. 3. Optimized geometries for molecular oxygen adsorption on the ter-
race, edge, and island sites, respectively. a–d are for triplet states and
e–h are for singlet states. Selected distances are given in Å and angles in
degrees. Black balls stand for O and white balls for Ba. Point charges are not
shown. The positive point charges at the borders, shown in gray balls, are
represented by total ion effective core potentials.
TABLE II. O2 adsorption in triplet and closed-shell singlet: Binding energies Ead; kcal/mol, as well as charges
and spin densities on the adsorbed O2 as obtained from Mulliken population analysis.
3O2
1O2
Adsorption site Charge Spin density Ead Adsorption site Charge Ead
Island corner −0.94 0.98 −35.48 Island corner −0.91 −37.90
Corner −0.47 1.42 −13.75 Corner −0.81 −30.21
Edge −0.48 1.42 −14.07 Edge −0.85 −20.99
Terrace −0.40 1.48 −10.76 Terrace −0.88 −14.95
FIG. 4. Potential energy curves for the adsorption of molecular oxygen on
the BaO12 cluster in the singlet and triplet states. The energies are refer-
enced to the ground state O2 plus the corresponding free surface models.
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on a BaO12 terrace model, where we monitor the adsorp-
tion energy changes, both in triplet and closed-shell singlet,
with the adsorption height of O2 from the nearest surface
anion. We start with an initial configuration where the mo-
lecular O2 is declined toward the surface. While O2 is far
from the surface 1.9 Å, the triplet state is lower in energy
than the singlet state. As O2 moves toward the surface in the
triplet state, this motion finds an upward valley on the poten-
tial surface. In contrast, as 1O2 moves down the surface, the
energy curve drops precipitously by 15.0 kcal /mol. The
crossing point is RO–Os
2−=1.97 Å Fig. 4. In this way,
we find that the conversion from the spin triplet state to the
spin singlet state may eventually occur by overcoming a spin
barrier of 4.8 kcal /mol. We recall that the excitation energy
required from the ground state O2 to two low-lying singlet
states, 1g and
1+g, are 22.6 and 37.7 kcal /mol,
respectively.46 Therefore, it is likely that the spin-orbit inter-
action plays a role here, which facilitates the spin crossover
from triplet to singlet potential energy surface. As for the
cases of O2 adsorptions on the edge and corner sites of the
BaO surfaces, a similar picture can be envisioned.
Previously, the problem of how triplet O2 dissociates on
the singlet potential energy surface has been studied before
on other surfaces i.e., O2 /Al111,
49 O2/carbon nanotube,
50
and O2 /Si100 Ref. 51 by using DFT methods. However,
it is important to notice that DFT methods may have diffi-
culties in describing the open-shell singlet.52 While here, we
only focus on the closed-shell singlet, which is the main
character of system at short Os–Oad distance, open-shell sin-
glet may also play a role at the point of spin crossover. Nev-
ertheless, it is conceivable that the multireference contribu-
tion will further decrease the spin crossover barrier.
C. The dissociation of O3
2− on the BaO surface
In this section, we proceed to the dissociation of O3
2− on
the BaO surfaces, leading to the surface peroxo species. The
optimized geometries and the corresponding potential energy
curves are shown in Fig. 5, and the geometric parameters
corresponding to the reactants O3
2−, the transition states
TS, and the products O2
2− are summarized in Table III.
All species are found in closed-shell singlet.
As is clearly seen in Fig. 5 and Table III, the general
feature of the dissociation is that the adsorbed 1O2 molecule
i.e., O3
2− expands its bond length toward the adjacent sur-
face oxygen ion, and through a late transition state
R2O–O=2.07–2.46 Å, eventually two surface peroxo
species are generated. In these processes, an intrinsic barrier
of 41 kcal /mol is identified for either the terrace or the
edge sites. The corner sites are more reactive, with a reduced
barrier of 38 kcal /mol. With respect to the ground state
3O2, the high stability of O3
2− on the island corner site actu-
ally brings the transition state down to −0.4 kcal /mol lower
than the entrance level, lending this process with no apparent
barrier.
Regardless of the active surface sites, the optimized
O–O distance in the products is 1.50 Å, characteristic of a
classical peroxide. The calculated frequency for the terrace
FIG. 5. Dissociation of O3
2− on the terrace, edge, cor-
ner, and island corner sites. Black balls stand for O and
white balls for Ba. Point charges are not shown. The
energies are referenced to the ground state O2 plus the
corresponding free surface models.











Terrace R1 1.525 1.466 1.504
R2 1.423 2.195 1.504
A 109.6 100.7 81.7
Edge R1 1.487 1.466 1.507
R2 1.442 2.127 1.501
A 107.6 101.4 85.6
Corner R1 1.473 1.459 1.508
R2 1.452 2.067 1.501
A 107.8 101.9 73.3
Island corner R1 1.471 1.433 1.528
R2 1.472 2.464 1.528
A 107.5 103.8 88.0
034702-6 Lu et al. J. Chem. Phys. 128, 034702 2008
Downloaded 15 Apr 2011 to 219.229.31.19. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
peroxide is around 904 cm−1, in good agreement with the
value of 927 cm−1 observed in the experiment.2 There exists
subtle difference in the bonding angles. While Oad sits almost
upright on the O4c site, it bends slightly outward and inward
on the O5c and O3c sites, respectively.
The lattice relaxation is found to be important for the
O3
2− dissociation. Thus, as discussed above, the terrace and
edge O3
2− are stabilized by 13.0 kcal /mol when the lattice
relaxation is taken into account. This correlates well with the
observation that the relaxed O anions are moved inward by
0.1–0.2 Å, resulting in a larger Madelung stabilization. This
effect is less significant for the transition state, as turning on
the lattice relaxation stabilizes the transition states by 8.4 and
5.6 kcal /mol for the terrace and edge sites, respectively.
Hence, the intrinsic barriers related to the O3
2− species are
reduced by 5–10 kcal /mol from terrace to corner sites upon
relaxation. The relaxation effect is even more profound for
the O2
2− product. After relaxation, we find that the overall
reaction: 3O2+2 O
2−→2 O22− is exothermic by 40.1, 40.7,
and 44.6 kcal /mol for the corner, edge, and terrace sites,
respectively. These compare well with the experimental
value of 36.1 kcal /mol.53 Without taking into account the
lattice relaxation, however, the corresponding exothermici-
ties are too small by 18.6–26.1 kcal /mol, which are way off
from the experimental data.
The lateral interaction on the O-atom adsorbed surfaces
can be estimated using the cluster model results. We calcu-
lated H1 for
3O2→2 3O to be 120.0 kcal /mol. From Table
I, we know that H2 for
3O+O5c
2−→ O5c−O2− is
−82.8 kcal /mol. Combining these two results, we have
H3=H1+2 H2=−45.6 kcal /mol for the reaction of 3O2
+2 O5c
2−→2 O5c−O2−. On the other hand, from Fig. 5, we
know that the exothermicities for triplet O2 to dissociate on
the terrace sites is −44.6 kcal /mol. Hence, the lateral inter-
action between a pair of adsorbed O atoms is around
1.0 kcal /mol.
We also check the B3LYP cluster model calculations on
the terrace against the periodic slab calculations. As the slab
calculations are performed by using the PBE functional,
cluster model calculations are also carried out with PBE. Our
optimized geometries for the terrace site by using the peri-
odic slab method are shown in Fig. 6, which compare well
with the cluster model results shown in Fig. 5 and Table III.
The slab model predicts that the reactant O3
2− lies at
−16.4 kcal /mol with respect to the free surface and the
ground state O2. This number is in good agreement with the
results based on the cluster model calculations −15.0 for
B3LYP and −18.5 for PBE. The slab model shows that the
product O2
2− lies at −38.2 kcal /mol. This number is also in
good accordance with the cluster model results −44.6 for
B3LYP and −42.0 for PBE. The slab model calculates the
intrinsic barrier to be 27.8 kcal /mol with respect to the reac-
tant O3
2−. This number is, however, low as compared to the
B3LYP value 41.5 based on the cluster model. The PBE
functional contributes a significant difference to the barrier
height. In fact, we have encountered difficulty in locating the
transition state within the cluster model by using PBE.
Adopting the geometry optimized by the B3LYP functional,
the transition state predicted by PBE is 7.1 kcal /mol lower
than the B3LYP value. It is known that GGA functionals tend
to underestimate the barrier.54–56 All in all, we conclude that
our B3LYP cluster model results are reliable, especially
when the trends between the different surface sites are con-
cerned.
D. Discussion
As is well-known, the surface chemistry of the cubic
alkaline-earth oxides MgO, CaO, SrO, and BaO is domi-
nated by the basicity of surface anion O2−.19 This basicity
increases down the alkaline-earth family as the crystal lattice
expands and metal ions become more electropositive.19 The
direct consequence is that the valence state of surface O2− in
MgO lies in lower energy more stable than that in BaO.19,45
In this way, it is not surprising to find that O2 could not be
dissociatively adsorbed on the vacancy-free MgO surface
and peroxide ions are hardly detected,20–22 whereas on the
BaO surface, in the presence of oxygen under the working
conditions of the NOx-storage catalyst, a large amount of
peroxides has been indeed observed, which, in turn, acceler-
ates the NOx storage.
6 The ability of BaO to easily form
peroxo species from molecular O2 could, thus, be a key point
in understanding the specific efficiency of BaO for NOx stor-
age. Our cluster model calculations show that the apparent
FIG. 6. Optimized geometries and reaction energies for
the O3
2− dissociation process with the slab model cal-
culations. The energies are referenced to the ground
state O2 plus the corresponding free surface models.
Black balls stand for O and white balls for Ba.
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activation barrier on the terrace site is about 27 kcal /mol
with respect to 3O2. Thus, it is conceivable that surface O2
2−
species can be formed directly over the BaO surfaces under
typical OCM operating conditions 650–850 °C.57
It is interesting to notice that our calculated apparent
activation energy on the terrace site is close to that of N2O
dissociation on the BaO surfaces, 33 kcal /mol, estimated in
a recent experiment work of Xie and Lunsford.13 The mecha-
nism of the N2O decomposition reaction on the earth-
alkaline oxide was suggested as follows:
N2O + O
2− → N2 + O22−, 1
O2
2− + O2
2− → O2 + 2O2−. 2
Step 1 is the N2O dissociatively adsorbed on the surface
anion to form surface peroxide species. Step 2 is the gen-
eration of the surface anions by desorption of molecular oxy-
gen. The experimental work by Xie and Lunsford has shown
a strong inhibiting effect when adding O2 to the reaction
system. The similar barrier predicted in this calculation for
the reverse reaction of step 2 suggests that the O2 dissocia-
tion competes with the N2O dissociation. Our results also
suggest that the oxygen recombination from O2
2−, as shown
in step 2 is not a working mechanism on the BaO surfaces,
as a barrier as high as 71 kcal /mol will be encountered, as
shown in Fig. 5. This is in agreement with the conclusion of
Karlsen et al. on the N2O dissociation.
14
IV. CONCLUSIONS
We have investigated the atomic and molecular oxygen
adsorptions on various sites of the BaO surfaces. Our main
conclusions can be summarized as follows:
1 We find that the global minima for atomic O adsorption
are to form the closed-shell peroxides with the binding
energies of 83–88 kcal /mol for various sites with re-
spect to the ground state 3O atom. Lattice relaxation is
found to increase the binding energy of the terrace site
most, diminishing, to a large extent, the site depen-
dence. We assume that the formation of stable perox-
ides provides a large driving force for the dissociation
of molecular O2 on the BaO surfaces.
2 We find that both triplet and singlet molecular oxygen
can adsorb on the strongly basic BaO surfaces. As mo-
lecular oxygen approaches the BaO surfaces, the triplet
ground state O2 molecule first binds electrostatically on
top of the surface Ba2+ ROad–Ba2+3.0 Å. It fur-
ther quenches to the singlet potential energy surface to
form a covalently bounded O3
2− species. We calculate
the spin transition barrier on the terrace site to be
around 4.8 kcal /mol.
3 We suggest the O3
2− species be the key precursor for
further dissociation, leading to the formation of surface
peroxides O2
2−. With respect to the triplet ground state
of molecular oxygen, the apparent dissociation barriers
are calculated to be 26.5, 20.8, and 11.4 kcal /mol, re-
spectively, for the terrace, edge, and corner sites. With
respect to the ground state 3O2, the high stability of
O3
2− on the island corner site actually brings the tran-
sition state down to −0.4 kcal /mol lower than the en-
trance level, lending this process with no apparent bar-
rier.
4 The lattice relaxation is found to play a variable role for
the reactants, transition states, and the products for the
O3
2− dissociation process over different sites on the
BaO 100 surface. For example, while the terrace and
edge O3
2− are stabilized by 13.0 kcal /mol, the tran-
sition states are stabilized by 8.4 and 5.6 kcal /mol for
the terrace and edge sites, respectively, upon lattice re-
laxation. The relaxation effect is even more profound
for the O2
2− product, giving 26.1 and 19.0 kcal /mol
stabilizations for the terrace and edge sites.
5 Our theoretical results support the experimental obser-
vation for the existence of surface peroxides in the re-
lated oxidative coupling of methane and the
NOx-storage reduction in the presence of O2 /BaO.
Moreover, our results suggest an inhibiting role played
by O2 in the decomposition of N2O on the BaO sur-
faces, in agreement with the experimental observation.
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